Objective: Recently a genome-wide association analysis from five European populations identified a polymorphism located downstream of the mannosyl-(a-1,3)-glycoprotein-b-1,2-N-acetylglucosaminyltransferase (MGAT1) gene that was associated with body-weight. In the present study, associations between MGAT1 variants combined with obesity and insulin measurements were investigated in three cohorts. Levels of fatty acids and estimated measures of D desaturases were also investigated among adult men. Design: Six polymorphisms downstream of MGAT1 were genotyped in a cross-sectional cohort of 1152 Swedish men. Three polymorphisms were further analyzed in a case-control study of 1076 Swedish children and in a cross-sectional study of 2249 Greek children. Results: Three polymorphisms, rs12186500 (odds ratio (OR): 1.892, 95% confidence interval (CI): 1.237-2.895, P ¼ 0.003), rs1021001 (OR: 2.102, 95% CI: 1.280-3.455, P ¼ 0.003) and rs4285184 (OR: 1.587, 95% CI: 1.024-2.459, P ¼ 0.038) were associated with a higher prevalence of obesity among the adult men and a trend for obesity was observed for rs4285184 among the Swedish (OR: 1.205, 95% CI: 0.987-1.471, P ¼ 0.067) and Greek children (OR: 1.192, 95%CI: 0.978-1.454, P ¼ 0.081). Association with body weight was observed for rs12186500 (P ¼ 0.017) and rs4285184 (P ¼ 0.024) among the men. The rs1021001 and rs4285184 were also associated with body mass index (BMI) in the two Swedish cohorts and similar trends were observed among the Greek children. The combined effect size for rs1021001 and rs4285184 on BMI z-score from a metaanalysis was 0.233 (95% CI:0.093-0.373, P ¼ 0.001) and 0.147 (95% CI:0.057-0.236, P ¼ 0.001), respectively. We further observed associations between the genetic variants and fatty acids (Po0.039) and estimated measures of D desaturases (Po0.040), as well as interactions for rs12186500 (Po0.019) with an effect on BMI. No association was found with homeostatic model assessment-insulin resistance in any cohort but increased insulin levels, insulin response and decreased insulin sensitivity were observed among the children (Po0.038). Conclusion: Genetic variants downstream MGAT1 seem to influence susceptibility to obesity. Moreover, these genetic variants affect the levels of serum unsaturated fatty acids and D desaturase indices, variables previously shown to correlate with obesity.
Introduction
The prevalence of obesity increases tremendously in most countries, almost with epidemic proportions. The environmental contribution to obesity is apparent but a genetic component can explain as much as 50-70% of the variation in body weight. 1 One approach to identifying genes that are associated with obesity and obesity related phenotypes is genome-wide association studies (GWAs). During the last few years a number of genome-wide association studies have identified novel candidate genes for obesity. [2] [3] [4] [5] [6] [7] Recently a genome-wide association analysis was conducted for body weight and body mass index (BMI) in 3448 subjects from five geographically and environmental distinct European populations, included in the EUROSPAN (European Special Population Network) project. This study identified a gender specific single nucleotide polymorphism (SNP), not previously reported, which was significantly associated with body weight among women (7.3 Â 10
À8
). 8 This genetic variant, rs12517906, is located 45 kb downstream of the mannosyl (a-1,3)-glycoprotein b-1,2-N-acetylglucosaminyltransferase (MGAT1) gene and is part of one of two partially connected linkage disequilibrium (LD) blocks. MGAT1 encodes a transmembrane protein located in the medial compartment of the golgi apparatus with its catalytic domain within the lumen. 9, 10 MGAT1 is a typical housekeeping gene but there are two MGAT1 transcripts in humans with the larger one being exclusively expressed in the brain. 11 MGAT1 catalyzes the first step in the conversion of oligomannose to N-glycans of glycoproteins. 12, 13 Proteins on the cell surface that are N-glycosylated by MGAT1 are required for cell-cell interactions and for the binding of cytokines and other factors to the outer cell membrane. N-linked glycosylation is further important for the folding of some eukaryotic proteins.
14 Post-translational modification, like glycosylation, can affect the function of a single gene and mutations in these glycosylation proteins may therefore have great effects on the development of normal cells. 15 Null mutations of mouse
Mgat1 have shown that this gene has a fundamental role in the normal development [16] [17] [18] and mutation or dysregulation of several enzymes dependent on MGAT1 action are associated with human diseases. [19] [20] [21] In the present study, we replicated the previously studied rs12517906 in a population of Swedish men and explored the genomic region further by genotyping an additional five neighboring SNPs that might have an effect on metabolic conditions of men. As no study has been carried out among children we further genotyped three SNPs among children and explored a possible gender effect. In order to study ethnical differences, the study on children included one Swedish and one Greek cohort. The association between these SNPs and obesity was investigated in the three cohorts. Furthermore, we examined the association with body weight, BMI, insulin measurements and levels of serum fatty acids as well as whether BMI or insulin sensitivity is modified by the level of these fatty acids.
Subjects and methods

Uppsala Longitudinal Study of Adult Men (ULSAM)
The ULSAM is a population-based cohort initiated in 1970 and, described previously. 22 All men born between 1920 and 1924 and residing in Uppsala, Sweden, were invited to participate in a health survey; 82% of the invited men participated (n ¼ 2322). The design and selection criteria for the cohort have been described previously. 23 At baseline, age 50 years, height was measured to the nearest centimeter and body weight to the nearest kilogram. BMI was calculated as body weight divided by height squared (kg m
À2
). BMI z-score was calculated by subtracting the mean BMI from individual BMI and then dividing the difference with the standard deviation. Blood glucose, serum insulin concentrations during an intravenous glucose tolerance test, insulin response and homeostatic model assessment-insulin resistance (HOMA-IR) were measured and determined as described previously. 24 For analysis of the fatty acid composition of the serum cholesterol esters, serum was extracted with a hexaneisopropanol solution (1 þ 4) The percentage composition of methylated fatty acids 14:0 to 20:5 was determined by gas chromatography (a 25 m NB-351 silica capillary column, i.d. 0.32 mm, phase layer 0.20 mm) with the use of a flame ionization detector and with helium as carrier gas. The ratio between 20:4 (n-6)/20:3 (n-6), 18:3 (n-6)/18:2 (n-6) and 16:1 (n-7)/16:0 was used as indices of D-5 desaturase, D-6 desaturase and D-9 desaturase, respectively. Hypertension prevalence was defined as hypertension treatment and/or a supine diastolic blood pressure of 95 mm Hg or higher. Hyperlipidemia prevalence was defined as serum cholesterol above 6.5 mmol l
À1
and/or serum triglycerides above 2.3 mmol l À1 and/or lipid-lowering medication. Diabetes prevalence was defined as fasting blood glucose above or equal to 6.7 mmol l À1 and glucose tolerance (indicated as the K-value from intravenous glucose tolerance test) less or equal to 0.9 or anti-diabetic therapy. Of the initial cohort of 2322 men, DNA was available for 1152 men obtained from examination at 70 years of age. Measurements of serum fatty acids were available for 958 men obtained from examination at 50 years of age. The study was approved by the Ethics committee of Uppsala University, Faculty of Medicine. All participants gave their written informed consent.
Swedish children and adolescents
The cohort of Swedish children and adolescents comprised two groups as described previously. 25 One group consisting of 551 severely obese children (286 girls and 265 boys) enrolled at National Childhood Obesity Centre at Karolinska University Hospital, Huddinge and the second group consisting of 525 healthy and normal weight Swedish adolescents (270 girls and 255 boys) recruited from 17 upper secondary schools in the Stockholm area, Sweden. Body weight and height were measured to the nearest 0.1 kg and 1 cm, respectively. BMI z-score was calculated relative to The International Obesity Task Force (IOTF) definitions. 26 Genomic DNA from all subjects (n ¼ 1076) was extracted from peripheral blood using QiaGen Maxiprep kit (Qiagen, Hilden, Germany). Among the obese subjects, the level of serum insulin was analyzed from blood samples drawn after . The LD pattern was generated using HapMap data version 3, release 27 and CEU þ TSI as analysis panel and the ULSAM data.
Statistical analyses
Among the Swedish men, subjects were categorized as normal weight (BMI o25 kg m À2 ), overweight (BMI
) and obese (X30 kg m
À2
) Among the children and adolescents, subjects were categorized as overweight and obese using International Obesity Task Force BMI cut-off values equivalent to adult BMI of 25 and 30, respectively. Association with overweight and obesity was analyzed with logistic regression and odds ratio (OR) with a 95% (CI). Associations between genotypes and phenotypes were analyzed in each cohort with linear regression, assuming an additive model. Quantitative skewed variables were normalized by transformation before analysis. For the ULSAM cohort, covariates such as BMI, height, age as well as diabetes, hypertension and hyperlipidemia prevalence were tested for dependence on the response variables and included in the model if significant. Interaction between genotype and fatty acids on body weight, BMI levels as well as HOMA-IR was analyzed by introducing an interaction term (genotype Â fatty acid) in the model and the subjects were stratified into low and high levels of fatty acids based on the median level in the cohort. Among the children and adolescents, the models were adjusted for age, gender, BMI and height when needed and interaction between genotype and gender was analyzed by introducing an interaction term (genotype Â gender). Statistical analyses were performed with PLINK (http://pngu.mgh.harvard.edu/purcell/plink/). 32 Combined analysis was performed for BMI z-score using meta-analysis with MIX 1.7 (http://www.meta-analysismade-easy.com/about/index.html). 33 Due to the number of SNPs and phenotypes tested the significant levels in the different cohorts were adjusted with the false discovery rate according to the procedure of Benjamini and Hochberg.
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A P-value less than 0.041, 0.040 and 0.047 was considered statistically significant in the ULSAM cohort, the Swedish cohort of children and in the cohort of Greek children, respectively.
SNPs near MGAT1 influence obesity susceptibility JA Jacobsson et al
Power calculations
For the case/control analyses, power calculations were carried out for each SNPs with the CaTS power calculator (http:// www.sph.umich.edu/csg/abecasis/CaTS/index.html). 35 In the ULSAM cohort and for each SNP we had 80% power to detect association with overweight and obesity with a relative risk of 1.34 and 1.70, respectively. Among the Swedish children we had 80% power to detect association with obesity with a relative risk of 1.40 and among the Greek children we had 80% power to detect association with overweight and obesity with a relative risk of 1.20 and 1.40, respectively.
Results
Samples
In this study, three different groups were analyzed and descriptive characteristics are presented in 
Genotyping and LD evaluation
Six SNPs were genotyped in the ULSAM cohort, one previously studied by Johansson et al.
8
According to the LD structure based on HapMap data these SNPs are parts of two different haplotype blocks downstream MGAT1 (Figure 1a) . Based on the ULSAM data, four of the genotyped SNPs, rs17702447, rs12517906, rs12186500 and rs6886113 were tag SNPs located in one block and the remaining two, rs1021001 and rs4285184 were located in the second block (Figure 1b) . Pair-wise LD tests between the SNPs SNPs near MGAT1 influence obesity susceptibility JA Jacobsson et al revealed an overall weak LD except between rs17702447 and rs12517906 (r 2 ¼ 94) (Figure 1b ). Due to this strong LD between rs17702447 and rs12517906, rs17702447 was not further analyzed. Three of the SNPs were furthermore genotyped among children and adolescents and the same LD structure as among the men was observed but the pair-wise LD pattern for the Greek children revealed an overall weaker LD for the three genotyped markers (rs12186500-rs1021001 r 2 ¼ 8%, rs1021001-rs4285184 r 2 ¼ 41%, rs12186500-rs4285184 r 2 ¼ 11%). SNPs near MGAT1 influence obesity susceptibility JA Jacobsson et al
Obesity association analyses
The effect of the studied variants on overweight and obesity was analyzed in the three cohorts ( 
Anthropometric associations
Associations between the studied genetic variants and anthropometric data, such as body weight and BMI were also investigated in the three cohorts (Table 3) . No gender genotype interaction was found among the children in body weight or BMI for any of the studied variants (P40.05 for all). Among the Swedish men, carriers of the minor allele of rs1021001 (MAF 12.3%) and rs4285184 (MAF 21.4%) had significantly higher BMI levels compared with carriers of the major allele (P ¼ 0.014 and P ¼ 0.020) and carriers of the minor allele of rs4285184 had also significantly higher body weight (P ¼ 0.024) compared with non-carriers. The rs1286500 was associated with higher body weight (P ¼ 0.017, MAF 37.0%) and carriers of the minor allele also exhibited increased BMI levels, but did not reach statistical significance (P ¼ 0.085). No association with body weight or BMI was found for the previously associated variant, rs12517906 (MAF 13.1%) (body weight P ¼ 0.795, BMI P ¼ 0.464). Among the Swedish children and adolescents, carriers of the minor allele of rs1021001 (MAF: normal weight 12.0%, obese 15.0%) had higher BMI compared with non-carriers and showed increased body weight (Table 3) . This was observed both among the normal weight (body weight P ¼ 0.048, BMI P ¼ 0.009) and the obese subjects (body weight P ¼ 0.041, BMI P ¼ 0.004). The rs4285184 (MAF: normal weight 24.0%, obese 27.0%) was associated with body weight (P ¼ 0.038) and BMI (P ¼ 0.033) among the normal weight subjects and with BMI (P ¼ 0.025) among the obese subjects. The genetic variant, rs12186500 (MAF: normal weight 45.1%, obese 45.8%), was not associated with body weight among the Swedish children (normal weight P ¼ 0.734, obese P ¼ 0.801) as it was among the Swedish adult men. Among the Greek children we observed increased body weight for carriers of the minor allele of SNPs near MGAT1 influence obesity susceptibility JA Jacobsson et al rs1021001 (MAF 13.4%), which however did not reached statistical significance (P ¼ 0.081) ( Table 3) .
To study the combined effect on BMI a meta-analysis was performed for two of the SNPs, rs1021001 and rs4285184 (Figure 2) . The mean BMI z-score for carriers of the common homozygote was compared with carriers of the rare homozygote in the four groups. The rare homozygote had a combined higher mean level of BMI z-score for both SNPs, 0.233 (95% CI 0.093-0.373, P ¼ 0.001) for rs1021001 and 0.147 (95% CI 0.057-0.236, P ¼ 0.001) for rs4285184. There was no evidence of heterogeneity between risk estimates for the two SNPs (rs1021001: P ¼ 0.867, l 2 ¼ 0% and rs4285184:
Fatty acid associations
Serum fatty acids function as biomarkers for long-term dietary fat intake but also reflect the endogenous fatty acid synthesis. As serum fatty acids and desaturase indices have been related to obesity 36 we sought to further investigate levels of obesity associated fatty acids among the adult men. Carriers of the minor allele of three of the studied variants, rs12517906 (MAF 13.1%), rs12186500 (MAF 37.0%) and rs4285184 (MAF 21.4%), had decreased levels of linoleic acid (18:2 (n-6)) ( Table 4 ). Increased levels of palmitoleic acid (16:1 (n-7)) were observed for all variants and were significantly different for rs12186500, rs1021001 and rs4285184 (Table 4) . Furthermore, carriers of the minor allele of four of the studied variants, rs12186500 (MAF 37.0%), rs6886113 (MAF 20.1%), rs1021001 (MAF 12.3%) and rs4285184 (MAF 21.4%), had increased levels of D-6 desaturase and rs1021001 and rs4285184 were also associated with increased D-9 desaturase activity (Table 4 ). In addition, increased levels of g-linolenic acid (18:3 (n-6)) for the minor allele were observed for rs12186500. To study if the fatty acids and desaturases modulate the observed Figure 2 Meta-analysis of the MGAT1 variants (a) rs1021001 and (b) rs4285184. The effect of the rare allele on BMI z-score in the four groups is presented as 95% CI. Table 4 Association study of MGAT1 SNPs with fatty acid composition in the ULSAM cohort SNPs near MGAT1 influence obesity susceptibility JA Jacobsson et al genetic effects of MGAT1 on body weight and BMI, the interaction between fatty acids and the studied SNPs was analyzed. For BMI, we observed interactions between rs12186500 and arachidonic acid (P ¼ 0.0001), g-linolenic acid (P ¼ 0.008), D-6 desaturase (P ¼ 0.019) and D-9 desaturase (P ¼ 0.007). When the subjects were stratified into low and high levels of these measurements based on the median levels in the cohort, the association between BMI and rs12186500 was observed among subjects with high levels of g-linolenic acid (P ¼ 0.010), arachidonic acid (P ¼ 0.003), D-6 desaturase (P ¼ 0.042) and D-9 desaturase (P ¼ 0.026) whereas no association was seen among subjects with low levels (g-linolenic acid P ¼ 0.354, arachidonic acid P ¼ 0.853, D-6 desaturase P ¼ 0.501, D-9 desaturase P ¼ 0.559). No interactions were observed between the studied SNPs and fatty acids or desaturases on body weight (P40.05 for all).
Insulin measurements
We also investigated genetic effects on a number of insulin measurements in our subjects (Table 5 ). Among the obese Swedish children, carriers of the minor allele of rs1021001 (MAF 15.0%), rs12186500 (MAF 45.8%) and rs4285184 (MAF 27.0%) exhibited increased insulin response (rs1021001
) and decreased insulin sensitivity (rs1021001 P ¼ 0.030, rs12186500 P ¼ 0.015, rs4285184 P ¼ 0.007). Among the Greek children, carriers of the minor allele of rs1021001 (P ¼ 0.038) and rs4285184 (P ¼ 0.009) had increased insulin levels. Increased insulin levels were also observed among the Swedish children that carried the minor allele of rs4285184, which, however, did not reach statistical significance (P ¼ 0.046). No main effect was observed on HOMA-IR for any of the studied variants in any of the three cohorts ( Table 5 ). As we found increased levels of palmitoleic acid and decreased levels of linoleic acid among men that were carriers of the minor allele, and as fatty acids are known to affect insulin sensitivity, 37 we also investigated the interaction between MGAT1 variants and fatty acids on HOMA-IR. However, no interaction was found for any of the variants among the adult men (P40.05 for all).
Discussion
In this study, we investigated polymorphisms near the MGAT1 gene and their effect on obesity, in three different cohorts. We first studied six SNPs, one previously reported to be associated with body weight, 8 in a cohort of adult men.
These six SNPs make up two haplotype blocks covering the 5 0 end of MGAT1, four SNPs belonging to one block and two belonging to the second (Figure 1 ). The rs12186500 in the first block and rs1021001 and rs4285184 in the second haplotype were also genotyped in two cohorts of Swedish and Greek children and adolescents. The rs12517906 did not associate with overweight or obesity or to the other measurements of obesity such as body weight and BMI among the Swedish men, which support the previous finding of an association that is only found among women for this variant. 8 We did, however, observe higher odds for obesity for three other SNPs, rs12186500, rs1021001 and rs4285184 among the adult men and a trend for obesity for rs4285184 among both the Swedish and Greek children ( Table 2) . Carriers of the minor allele of rs1021001 and rs4285184 had furthermore higher body weight and BMI levels compared with carriers of the major allele in both Swedish cohorts (Table 3 ). This data indicate that the SNPs in the second haplotype block, which are in LD with the coding exon of MGAT1, seem to be more involved in BMI and body weight regulation than the SNPs in the first block.
As we found increased BMI levels and body weight for carriers of the minor allele of rs1021001 and rs4285184 among both Swedish adults and children, these variants seem to affect subjects in all ages (Table 3) . Furthermore, these associations were found among both obese and normal weight children, and with no gender effect, which indicate that these variants seem to affect body weight and BMI in younger ages of both sexes regardless of their BMI status. In older ages, however, these genetic variants seem SNPs near MGAT1 influence obesity susceptibility JA Jacobsson et al to affect body weight and BMI more among the extremes as we observed higher odds for obesity but not overweight. The Greek children had an overall lower allele frequency and weaker LD between the markers than the Swedish subjects indicating ethnic differences for these variants and may explain why only trends were observed among the Greek subjects. Ethnical differences were also observed in the previous GWA study of five geographically distinct European populations, rs12517906 was highly significantly associated with weight in their meta-analysis but only reached nominal significance in two of the individual population samples. 8 Despite these differences we observed evidence of an association with BMI z-score for rs1021001 and rs4285184 for all cohorts. The combined effect size for the two SNPs on BMI z-score from our meta-analysis was 0.3 and 0.1, respectively.
The mechanism(s) by which these SNPs near the MGAT1 gene may contribute to the observed associations is unclear. Given that the analyzed SNPs map to non-coding regions, the likelihood that any of these SNPs represent the causal variant is low. However, these genetic variants are both in LD with the coding exon in MGAT1, a key enzyme involved in glycosylation of proteins and lipids. 38 Changes in MGAT1
expression caused by these variants may lead to altered glycosylation, which may affect proteins and lipids that are dependent on complete glycosylation. An altered glycosylation may cause misdirected sorting of these proteins and alter their function, 38 which in turn may be important for body weight regulation. Serum fatty acid composition is a biomarker for long term dietary fat intake, but also reflects endogenous fatty acid synthesis. 39 The latter could also be influenced by genetic variation and hormonal (for example, obesity-related hyperinsulinemia) factors. 39 The analyzed fatty acids have all been correlated with obesity markers such as BMI. 37 Especially, D-6
and D-9 desaturases show a strong positive association with obesity. 37 Furthermore, we have recently shown that variants in the D-9 desaturase gene are associated with obesity in adult men. 40 Changed levels of serum palmitoleic acid due to altered D-9 desaturase activation have also a significant relation to obesity in children. 41 In the present study the MGAT1genetic variants are in addition to obesity and BMI, associated with altered fatty acid composition, for example, linoleic acid and palmitoleic acid, which may be due to disturbance in the activation of D-6 desaturase and D-9 desaturase, respectively. However, whether these associations are causal remains to be elucidated. In addition, we observed interactions between rs12186500, and g-linolenic acid, arachidonic acid, D-6 and D-9 desaturase. Carriers of the minor allele of rs12186500 with high levels of these fatty acids and desaturases had significantly higher BMI than carriers of the major allele. The observed interaction with g-linolenic acid and arachidonic acid might also be due to altered D-6 desaturase activity. As increased levels of fatty acids are known to be one of the factors inducing insulin resistance 37 and that the men in the present study who were carriers of the minor allele also had elevated levels of fatty acids, we hypothesized that these subjects might also have an increased risk of developing insulin resistance. We observed in addition an increased insulin response and decreased insulin sensitivity among the obese children. We found, however, no interaction effect between these SNPs and fatty acids on HOMA-IR among the Swedish men, so the altered fatty acid levels caused by the variants in MGAT1 do not seem to modulate an increased insulin resistance.
In conclusion, we genotyped six SNPs downstream MGAT1 in a cohort of Swedish adult men and observed associations with obesity as well as increased body weight and BMI levels for some of these variants. Two of them also associated with body weight and BMI levels among Swedish children and similar trends were observed among Greek children. The analyzed SNPs were further associated with fatty acids and D desaturases, variables that have previously been shown to correlate with obesity markers. Some of these fatty acids may also modulate the observed genetic effect on BMI but not insulin resistance. 
